In aluminium electrolysis cells the anodic process is associated with a substantial overpotential. Industrial carbon anodes are produced from a blend of coke materials, but the effect of coke type on anodic overpotential has not been well studied. In this work, lab-scale anodes were fabricated from single cokes and electrochemical methods were subsequently used to determine the overpotential trend of the anode materials. Attempts were then made to explain these trends in terms of both the physical and chemical characteristics of the baked anodes themselves and their raw materials. Routine coke and anode characterisation methods were used to measure properties such as impurity concentrations and reactivity (to air and CO 2 ), while non-routine characterisation methods were applied to study other surface and structural properties. It was found that the overpotential trend of the anodes correlated well with many of the properties studied, and explanations for these observed correlations are suggested. These findings offer exciting possibilities for reducing the energy demand of the anodic process.
Introduction
The overall potential of a typical industrial aluminium cell is around 4.6 V [1] . The total voltage associated with the anode is around 1.5-1.8, referred to the aluminium potential, of which 0.3-0.6 V is derived from overpotential [1] . Anodic overpotential is composed of three parts -reaction overpotential, concentration overpotential and bubble overpotential (or resistance). Concentration overpotential is thought to be very low at normal current densities, so the overpotential under normal operational conditions mainly comprises of reaction and bubble overpotential [1] . Reducing these components is consequently desirable to decrease the energy demand and production cost of aluminium.
Although the magnitude of anode overpotential has been studied in various melt and set-up conditions, few detailed studies of the relationship of overpotential to anode material properties (chemical and physical) have been performed. Electrocatalysts such as iron, vanadium and calcium have been found both to increase air and CO 2 reactivity [2] [3] [4] [5] and cause increased electrolytic anode consumption and/or decreased overpotential [1, 4, [6] [7] [8] . However, electrocatalyst studies have mostly focused on artificially doped anode materials which do not necessarily reflect the real situation found in cokes. Additionally, various papers have investigated how changes in physical coke properties, such as structure and density, have affected anode performance, but have not linked these coke properties to overpotential directly [2, [9] [10] [11] . It is likely that coke and anode physical properties will have an effect on overpotential, as the reactivity of carbons, both electrochemical reactions and oxidation reactions, is generally known to be related to microstructural parameters [12, 13] . In addition, the formation and release of CO 2 bubbles also relies on the surface microstructure [14] .
In a previous study that served as preliminary work on a new project, the total overpotential of a range of carbon anodes varying only in coke type was measured [15] . These anodes were labeled 1 to 4, and a distinct overpotential trend was found with anode 4 having a lower overpotential than anode 1 by approximately 200 mV at 1 A cm -2 . Overpotential was found to correlate well with the concentration of metal impurities (electrocatalysts) and total sulphur in the anode, but relationships with other anode properties were not studied. As unshielded rods were used as the anode design (which were immersed in the melt approximately 1.5 cm), other limitations of the initial study included the fact that the immersed anode area was undefined, the current distribution was not equal over the active anode surface and bubbles trapped underneath the anode create noise in the electrochemical measurements and extra bubble resistance. This paper follows up and expands on the previous study, studying the overpotential of the same series of anode materials. The method with which to study overpotential was improved and further efforts were made to understand the differences in overpotential observed. Correlations of overpotential with some of the main industrial methods traditionally used to characterise anodes (air and CO 2 reactivity) were also investigated.
Materials and Methods
Four types of single cokes were used to produce pilot scale anodes with a fraction size of 0-2 mm; these were labeled anodes 1 to 4. The production of the anodes varied only in the coke type, all other parameters were kept constant. A graphite material was also used for a comparison with the industrial style anodes. For electrochemical testing, anodes were cut and assembled as schematically depicted in Figure 1 . Immersed anode area was defined using boron nitride (BN) shielding. Thus, advantages over the previous anode design (from [15] ) included a defined surface area to be immersed in the melt (1.5 cm 2 ), an even current distribution and a minimised bubble retention due to the vertical surface. The impact of anode geometry was directly compared by also including an unshielded graphite rod in the measurement series, as used in [15] . This is shown in figure 2 . Figure 1 . The anode assembly used in this study. All materials were threaded together on a 3 mm graphite rod, which was attached via a connector piece to a stainless steel contact bar. The BN shields defined an active anode surface area of 1.6 cm 2 . b. with dimensions (mm) Figure 2 . The anode assembly used in [15] , which was also used in this study to investigate the impact of anode geometry on electrochemical measurements. When immersed 1.5 cm in the melt, this had an approximate active anode surface area of 5.5 cm 2 . b. with dimensions (mm)
Experiments were performed in a cryolite melt (cryolite ratio = 2.3 (cryolite from Sigma Aldrich, purity >97 %), with excess AlF 3 equal to 9.8 wt% (industrial grade AlF 3 sublimed in-house) and an alumina concentration of 9.4 wt%, (ɣ alumina from Merck). The melt was contained in a graphite crucible (Svensk Specialgrafit AB, Sweden) in which an alumina disk was placed. An aluminium reference electrode in an alumina assembly was fabricated according to [16] . A schematic of the overall experimental setup is shown in Figure 3 .
All electrochemistry was performed using a Zahner IM6 (with built in EIS module and 10 A booster PP201, all from ZahnerElektrik). Electrochemical Impedance Spectroscopy (EIS) was used to determine the ohmic resistance at the Open Circuit Potential (OCP), the value of which was used to iR compensate all electrochemical measurements. A current density (CD) of 1 A cm -2 was then applied to each anode and the potential measured (relative to an aluminium reference electrode) for 200 seconds, before repeating. This CD of 1 A cm -2 was chosen as it is close to the anode CD in modern industrial cells. Polarisation curves were also recorded for each anode by slowly sweeping the anode potential from the OCP to 2.5 V at 0.1 V s -1 and measuring the responding current. The order of the anode materials tested was randomised to eliminate possible changing characteristics of the melt over time, and two parallels were performed for each material (with new anodes) in the same bath. Bath samples after each anode experiment were taken for subsequent oxide content analysis (LECO analyser model TC-436DR).
Anode materials were additionally characterised according to routine industrial methods (including air and CO 2 reactivity), and additionally for structure. Isotropy of the anodes was studied using optical microscopy (under polarised light) after mounting anodes in epoxy and polishing to 1 µm. To further study the relative amount of surface active sites, the oxygen content of the samples was measured using LECO analysis between room temperature and 2800°C. For the LECO analysis, fines were produced with a size of <63 μm.
Results and Discussion

Overpotential measurements
Comparison of the potential at 1 A cm -2 in Table 1 showed a variation of 0-120 mV for repeats of the same material, whilst the potential between different materials was found to vary by an average of 140-310 mV. The variation in potential between repeats was possibly due to the inhomogeneous nature of the anode material as only small samples were used. However, as the repeat variation was lower than the differences between materials, the overpotential trends were confirmed and were not experimental error. The order of the materials was also identical to that found in the previous paper [15] ; Anode 4 had the lowest potential at 1 A cm -2 (and therefore the lowest overpotential), compared to graphite which had the highest potential. Polarisation curves additionally supported this trend, showing the same magnitude differences between anode materials at 1 A cm -2 . The polarisation curves also showed that this trend was the same at both lower and higher current densities, and the onset potential for CO 2 production was ~300 mV lower in Anode 4 than in graphite (Figure 4) . LECO measurements of all the melt samples showed little variation in alumina concentration over the course of the experiments, meaning all potential differences could be considered due to the materials only. Owing to the fact that all anodes had identical distribution of grain size and pitch type/level, these variations in potential must relate to differences in the coke properties. The effect of anode geometry was studied by comparing the new anode design with the defined vertical surface with an unshielded rod with both vertical and horizontal surfaces, as used in [15] (Figures 1 and 2) . Graphite was the anode material for both designs. When the potential measured over time at 1 A cm -2 was compared ( Figure 5) , there was much less oscillation noise of the potential with the new vertical anode design. It is likely that the noise difference is due to bubbles trapped on the horizontal surface of the unshielded rod [14] ; as the bubbles grow in size they cover more of the anode surface causing the potential to increase as local CD increases. When the bubble escapes the local CD is normalised and the potential abruptly decreases. The new anode design is therefore superior for measuring overpotential trends. Correlations with the overpotential trend As described in the previous paper, [15] , the decreasing overpotential trend correlates well with increasing levels of metals and sulphur. For example, anode 4 had the lowest overpotential and the highest total concentrations of metals and sulphur. As metallic impurities can catalyse air and CO 2 reactivity, it makes sense that these can additionally catalyse the anode reaction and reduce overpotential [1] . However, the chemical properties of an anode are just one possible contributor to the variation in overpotential.
Microstructure was studied by observing polished cut-sections of the anodes under polarised light with optical microscopy, as shown in Figure 6 . A clear trend of increasing isotropy was observed from graphite and Anode 1, to Anode 4, as evidenced by a decrease in crystallinity and an increase in fineness. The increase in boundaries or 'edges' between crystallites makes it possible that Anodes 3 and 4 have a higher level of electrochemically active sites than anodes 1, 2 and graphite. This offers another possible explanation of the overpotential differences between the materials.
Another way of characterising the active site content is through the oxygen content of the anodes; as active sites are known to become oxidised [13] , measuring the amount of oxygen in a graphitic sample can indicate the relative amount of active sites on the surface. LECO combustion analysis results indicated that increasing levels of oxygen were found from Anodes 1 to 4 ( Figure 7 ). Comparable levels of oxygen were found in each anode and in the corresponding coke used to make it, although anodes had slightly higher oxygen levels than their coke. A reason for this is not clear, but could be due to the added pitch or additional changes to the carbon during anode baking. The oxygen trend found supports the idea that Anodes 3 and 4 could have higher levels of active sites on their surface, but as these anodes also have the highest levels of metallic impurities [15] , the contribution from metal oxides to the total oxygen content measured by LECO cannot be ruled out. The quality of an anode is routinely measured and compared in industry using properties such as air and CO 2 reactivity. The lower the air and CO 2 reactivity, the less consumption and the better performance an anode is considered to have [16] . Analysis results for air and CO 2 reactivity are shown in Table 2 . It was shown that Anodes 3 and 4 have the highest air reactivity and low CO 2 reactivity. The fact that Anodes 3 and 4 have the lowest overpotential and the highest air reactivity is interesting; this correlation could make sense if it is assumed that the nature of the electrochemical oxidation of the anode with an oxygen species (i.e. derived from alumina, in the electrochemical reaction), and the thermal oxidation of carbon with oxygen in air is of the same nature. The main findings of this paper, including the overpotential trend of the anodes and the correlation of overpotential with other properties studied, are summarised in table 3   Table 3 . The relationship of overpotential to impurities, isotropy, oxygen content and air reactivity.
Material ƞ Total impurities
Isotropy O content R(air)
Graphite Anode 1 Anode 2 Anode 3 Anode 4
Conclusions
Overpotential was found to vary by as much as 170 mV between four anodes varying only in coke type, confirming the trends found in [15] . When graphite was also included in the comparison, the variation in potential was 310 mV. The anodes in this study had no horizontal surfaces; this design was shown to lower the voltage oscillation when compared to unshielded rods with both vertical and horizontal surfaces, most likely due to a reduction in bubble coverage.
Relationships were found between the overpotential trend of the anodes and anode impurity level, isotropy and oxygen content, as summarised in Table 3 . Electrocatalyst impurities have been linked to a decrease in overpotential in previous publications. Increasing isotropy levels and an increase in oxygen could indicate an increase in active sites on the anode surface. Although this is as yet unproven, variations in relative concentrations of electrochemically-active active sites could also explain the trend in overpotential observed. Overpotential was additionally compared with anode air and CO 2 reactivity; two properties which are routinely used in industry as indicators of anode performance. Overpotential correlated reasonably well with air reactivity. If this relationship is real, it could be that optimising an anode for its electrochemical properties (overpotential) is a trade-off for higher air reactivity.
At present, it is unknown whether metal impurities or variations in active sites have a dominant effect on overpotential. Additionally, due to the fact that other properties vary between anode types, further important factors towards overpotential could include porosity, surface morphology, real surface area or electrolyte wetting properties, not discussed in this paper.
